Overexpression of colony-stimulating factor-1 (CSF-1) and its receptor in breast cancer is correlated with poor prognosis.
Introduction
Breast cancer remains a serious health care concern with an incidence that has continued to increase over the last two decades (1) . Much research has, therefore, focused on the mechanisms by which mammary epithelial cells undergo the genotypic changes towards malignancy. Existing evidence suggests that the generation of genetically altered mammary cancer cells is a complex, multistep process (2) . However, the mammary gland comprises stromal and epithelial cells that communicate with each other through the extracellular matrix (ECM). Although the mammary epithelium has the largest tumorigenic potential, the mammary stroma, comprising adipocytes, fibroblasts, vessels, inflammatory cells, and ECM, contributes both instructive and permissive signals to tumor growth and progression (3) . Thus, targeting the normal cells that surround the cancer cells might also be beneficial in breast cancer therapy.
Colony-stimulating factor-1 (CSF-1) is produced by a variety of cells (4) (5) (6) , and we have shown that CSF-1 stimulates the proliferation, differentiation, and survival of cells of the mononuclear phagocytic lineage (6) (7) (8) . CSF-1 plays a unique role in mammary gland physiology because it is synthesized by the mammary ductal epithelium (4) , and macrophages recruited by CSF-1 promote both mammary ductal invasion during puberty (9) and lobulo-alveolar differentiation during pregnancy (10) . A paracrine CSF-1 loop, therefore, exists in the normal mammary gland. Enhanced recruitment of macrophages to mammary tumors on one hand (11, 12) and the poor prognosis associated with elevated tumor-associated macrophages (13) on the other suggested a role for CSF-1 and CSF-1-regulated macrophages in breast cancer (7) . In line with this, metastatic progression of mammary gland tumors in CSF-1-deficient mice with decreased tumorassociated macrophages is profoundly reduced (14) . In addition, our earlier work indicated that CSF-1 accelerates angiogenesis in vivo (15) . Relevant to this, recent reports suggest that CSF-1 stimulates macrophage progenitor cells, monocytes (16) , and tumor macrophages (17) to secrete vascular endothelial growth factor (VEGF).
Based on these biological properties of CSF-1, we have used antisense constructs to block CSF-1 transcription in solid tumors, including mammary cancer (18, 19) , and showed that this treatment resulted in significant suppression of tumor growth. In the present article, we extend this therapeutic approach to the use of neutralizing anti-CSF-1 antibodies. Using a murinized, polyethylene glycol (PEG)-linked antigen-binding fragment (Fab) directed against mouse CSF-1 (anti-CSF-1 Fab), we show that five injections of anti-CSF-1 Fab in mice bearing human breast cancer xenografts suppressed CSF-1 tissue expression and retarded tumor growth by 40%. More importantly, anti-CSF-1 Fab reversed the human breast cancer xenograft's chemoresistance so that in combination with combination chemotherapy, tumor development was suppressed by 56%, and long-term survival was significantly prolonged.
Materials and Methods
Anti-CSF-1 Fab-PEG antibody. A recombinant Fab fragment of the neutralizing rabbit anti-murine CSF-1 antibody (MCSF1-033) was constructed by VH and VL fusion to murine CH1 g1 and Cn constant regions and modified by site-specific attachment of 40-kDa PEG to increase protein half-life (20) . The anti-CSF-1 Fab was purified and shown to specifically bind and neutralize murine CSF-1 as described previously (20) .
Tumor models, anti-CSF-1 Fab treatment, and chemotherapy. The experiments done in this study were approved by the Institutional Animal Care and Use Committee at the Vienna Medical University. Human breast cancer cells (MCF-7; American Type Culture Collection, Manassas, VA) were grown in immune-deficient mice as described (19) . Pathogen-free female athymic nu/nu (nude) mice (Harlan-Winkelmann, Borchen, Germany), 5 weeks of age, were weighed and coded and randomly assigned to experimental groups of n = 10. Mice were anesthetized (ketamine hydrochloride/xylazine at 55/7.5 mg/kg, s.c.), and 2 Â 10 7 MCF-7 cells per 100 AL of culture medium were grafted s.c. into their left flank (19) . Twentyfour days after cell injection, one group of animals was killed and evaluated for tumor weight (342 F 78 mg). Animals in an earlier study had developed tumors of similar size at 24 days (19) , and treatment was initiated on the same day. The anti-CSF-1 Fab was injected i.p. at 4 mg/kg and cycled every 3 days for 14 days. The selected dosage of 4 mg/kg was based upon pilot pharmacokinetic studies in 20 adult mice comprising five groups (n = 4/ group that received 0.02, 0.2, 2, 4, and 8 mg/kg, respectively). Subsequently, adult mice were shown to tolerate repeated injections with 10 mg/kg anti-CSF-1 fab cycled every 3 days over an 8-week period. This dose was sufficient to induce decreases in tissue macrophage density and osteoclast numbers in adult mice. 3 However, in another study involving postnatal administration, 10 mg/kg was not quite optimal because circulating antibody could only be detected in 40% of 2-month-old mice (20) . Combination chemotherapy [CMF: 100 mg/kg cyclophosphamide, 50 mg/kg methotrexate, 100 mg/kg 5-fluorouracil (5-FU)] was cycled twice i.p. at days 24 and 34. The selected dosage of CMF therapy was based upon pilot studies (21-23) in 12 mice (comprising four groups of n = 3). The dosage of cyclophosphamide/methotrexate/5-FU in the pilot study was 25:12.5:25, 50:25:50, 100:50:100, and 150:75:150 mg/kg for groups 1 to 4, respectively. The end point of the chemotherapy pilot study was the highest tolerable CMF dose at which 100% of animals survived. Controls received Ringer's solution. All animals were killed at 38 days.
Analysis of the in vivo effects of CSF-1 antibody and CMF therapy. On day 38, blood samples were obtained to examine complete blood count. Tumors were then isolated and weighed, and the animals were sacrificed. The tissue was processed for paraffin embedding, real-time reverse transcription-PCR (RT-PCR), Western blotting, and RIA. Sections were stained with H&E, Ki-67 antibody (tumor proliferation assay; DAKO, Glostrup, Denmark), or double-stained with von Willebrand (DAKO) and Ki-67 antibodies to evaluate the density of proliferating endothelial cells (18, 19) . Macrophages were immunostained with anti-F4/80 rat monoclonal antibody (Caltag Laboratories, Burlingame, CA; ref. 14) . Digitalized images were generated, and morphometry was carried out (18, 19) .
Analysis of the effects of CSF-1 blockade and combined CSF-1 blockade with CMF on survival. The survival study (n = 48) was set for 6 months. Mice were treated with anti-CSF-1 Fab (n = 12), CMF (n = 12), combined anti-CSF-1 Fab and CMF (n = 12), or Ringer's solution (n = 12). The animals treated with Ringer's solution served as controls.
Quantitative real-time RT-PCR. Tissue was processed for PCR as described (18, 19) . The primer sequences for mouse molecules were (sense/ antisense) CSF-1, 5V -CATCTCCATTCCCTAAATCAAC-3V /5V -ACTTGCT-GATCCTCCTTCC-3V ; CSF-1R, 5V -GCGATGTGTGAGCAATGGCA-3V /5V -CGG-ATAATCGAACCTCGCCA-3V ; VEGF-A, 5V -TTACTGCTGTACCTCCACC-3V /5V -GCTCATTCTCTCTATGTGCTG-3V ; h-actin, 5V -GCGTGACATCAAAGAGAA-3V /5V -AGGAGCCAGAGCAGTAAT-3V . The primer sequences for human molecules were (sense/antisense) CSF-1, 5V -GCTGTTGTTGGTCTGTCTC-3V /5V -CATGCTCTTCATAATCCTTG-3V ; CSF-1R, 5V -TGCTGCTCC-TGCTGCTATTG-3V /5V -TCAGCATCTTCACAGCCACC-3V ; VEGF-A, 5V -AGCCTTGCCGCCTTGCTGCTCTA-3V /5V -GTGCTGGCCTTGGTGAGG-3V ; multidrug resistance gene 1 (MDR1; ref. 24 ), 5V -GCTCCTGACTATGCCAA-AGC-3V /5V -TCTTCACCTCCAGGCTCAGT-3V ; breast cancer related protein (BCRP ; ref. 25 ), 5V -CACCTTATTGGCCTCAGGAA-3V /5V -CCTGCTTGGA-AGGCTCTATG-3V ; glucosylceramide synthase (GCS; ref. 26 ), 5V -TGCTCAG-TACATTGCCGAAG-3V /5V -CTGGCAACAAAGCATTCTGA-3; h-actin, 5V -TGCCATCCTAAAAGCCAC-3V /5V -CAACTGGTCTCAAGTCAGAGTG-3V . The specificity of the CSF-1 and CSF-1R primers was tested by examining melting curves of the products obtained using both human-and mousespecific CSF-1 and CSF-1R primers on RNA from both human MCF-7 cells and mouse macrophages that express CSF-1 and CSF-1R (6, 7, 19) . Human and mouse microvascular endothelial cells were used to test the specificity of VEGF-A, KDR, and Flt-1 primers. Measurements were done thrice.
CSF-1 RIA. Preweighed tissue and cell samples were homogenized, heatinactivated, and centrifuged, and the supernatant was saved for assay as described (27) . CSF-1 was measured in duplicate on three samples from each mouse using a RIA that only detects biologically active mouse CSF-1 (27, 28) . Figure 1 . Species specificity of the mouse and human primers used in the real-time RT-PCR measurements. Melting curves of RT-PCR products obtained using mouse or human primers with mouse or human RNA to identify the specificity of the products by their specific melting temperature (T m ). Based on these experiments, primer dimers were excluded by setting a threshold at the specific T m (vertical line), and the fluorescence threshold was set at 2.5 to eliminate nonspecific products (horizontal line). Gray, area measured for the species-specific product. A, mouse CSF-1 primers with mRNA from mouse macrophages (arrowhead) or human MCF-7 cells (arrow). B, human CSF-1 primers with mRNA from MCF-7 cells (arrowhead) or mouse macrophages (arrow ). C, mouse CSF-1R primers with mRNA from mouse macrophages (arrowhead) or human MCF-7 cells (arrow). D, human CSF-1R primers with mRNA from MCF-7 cells (arrowhead ) or mouse macrophages (arrow ). Mouse VEGF-A (E), KDR (F ), and Flt-1 (G ) primers with mRNA from mouse (arrowhead) or human (arrow ) microvascular endothelial cells.
Western blotting. Tissue lysates were prepared as described (19) and were separated (50 Ag/lane) by 8% to 12% SDS-PAGE before electrophoretic transfer onto Hybond C super (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom). Blots were probed with antibodies against matrix metalloproteinase-2 (MMP-2), MMP-9, MMP-12 (polyclonal, Santa Cruz Biotechnology, CA), tissue inhibitor of metalloproteinase-1 (TIMP-1), TIMP-2, TIMP-3 (polyclonal, Calbiochem, Temecula, CA), and urokinase plasminogen activator (uPA; monoclonal, EMD Biosciences, San Diego, CA) before incubation with horseradish peroxidase-conjugated secondary antibodies (Amersham Pharmacia Biotech, Piscataway, NJ). Proteins were immunodetected by chemiluminescence (Supersignal-West-Femto, Pierce, Rockford, IL) and quantified by Easy Plus Win 32 software (Herolab, Wiesloch, Germany).
Statistical analysis. ANOVA with Bonferroni t test was used to compare the data between the groups. The m 2 test was used to compare the groups in the analysis of long-term survival (6 months). The overall survival curves after treatment were analyzed by the Kaplan-Meier survival test. Data are expressed as mean F SD.
Results
CSF-1, CSF-1R, VEGF-A, KDR, and Flt-1 primer specifically measure human or mouse genes. To establish the specificity of the human CSF-1 and CSF-1R primers for the corresponding human versus mouse mRNAs and of the mouse CSF-1 and CSF-1R primers for the corresponding mouse versus human mRNAs, RT-PCR products derived using human-or mouse-specific primers on either human MCF-7 cells or mouse macrophages were examined by melting curve measurements (Fig. 1A-D) . To test the specificity of the mouse VEGF-A, KDR, and Flt-1 primers for identification of mouse target genes, their effectiveness on mRNA from human and mouse microvascular endothelial cell lysates was similarly compared (Fig. 1E-G) . The results showed that, under the conditions used, the primers used for human and mouse CSF-1 and CSF-1R and the primers used for mouse VEGF-A, KDR, and Flt-1 exhibit a high degree of species specificity.
Anti-CSF-1 Fab significantly reduces tissue CSF-1 expression in vivo. As indicated above, our earlier experiments indicated that human MCF-7 breast cancer cells express both mRNA and protein for human CSF-1 and its receptor, the CSF-1R proto-oncogene (c-fms) in vitro (19) . When these cells were xenografted to mice, mouse tissue CSF-1 expression increased significantly with tumor progression (P < 0.0001; Fig. 2A ), whereas MCF-7 cells lost their ability to express human CSF-1 (data not shown). Mouse CSF-1R mRNA was expressed throughout tumor development (Fig. 2B) . Treatment of mice bearing human breast cancer xenografts with anti-CSF-1 Fab did not reduce tissue CSF-1 mRNA but reduced CSF-1R mRNA (P < 0.0001) and abolished tissue CSF-1 protein expression (P < 0.0001). Combined CMF and anti-CSF-1 Fab treatment resulted in significantly reduced tissue CSF-1 mRNA (P < 0.0001) and protein (P < 0.0001) as well as CSF-1R (P < 0.0001) expression. CMF alone did not change tissue CSF-1 but reduced CSF-1R expression (P < 0.0001; Fig. 2C-E) . These experiments indicated that human cancer cells lose their own (human) CSF-1 expression and stimulate host (mouse) CSF-1 that can be neutralized by anti-CSF-1 Fab. They also show that anti-CSF-1 Fab treatment lowers host CSF-1R mRNA expression.
MCF-7 tumor xenografts are chemoresistant but sensitive to CSF-1 antibody. In chemotherapy dose pilot studies, MCF-7 tumor xenografts grew at the same rate even in the group treated with the highest tolerated CMF dose (100:50:100 mg/kg). The next highest CMF dose (150:75:150 mg/kg) was lethal. Anti-CSF-1 Fab treatment at 0.02, 0.2, and 2 mg/kg did not affect the MCF-7 tumor xenograft growth in pilot studies. However, anti-CSF-1 Fab at 4 and 8 mg/kg suppressed tumor growth significantly, although there was no significant difference in treatment effect between these two doses. These experiments indicated that MCF-7 tumor xenografts are resistant to CMF, and that anti-CSF-1 Fab single treatment at a dose of 4 mg/kg can significantly suppress the tumor growth.
Anti-CSF-1 Fab reverses MCF-7 cancer cell chemoresistance in vivo and suppresses mammary tumor growth. Mice bearing human mammary tumor xenografts were treated with CMF, anti-CSF-1 Fab, combined CMF and anti-CSF-1 Fab, or Ringer's solution (control). Both CMF and anti-CSF-1 Fab treatments were well tolerated. In line with the tissue CSF-1 and CSF-1R downregulation, the mean tumor weight was markedly reduced in mice with human mammary tumors treated with anti-CSF-1 Fab (1,142 F 292 mg; P < 0.0001) or with combined CMF and anti-CSF-1 Fab (828 F 212 mg; P < 0.0001) compared with mice treated with CMF (1,711 F 327 mg) or Ringer's solution (1,871 F 394 mg; Fig. 3A and C) . Thus, treatment with anti-CSF-1 Fab and combined CMF and anti-CSF-1 Fab suppressed tumor development by 40% and 56%, respectively. In addition, tumor proliferation as assessed by Ki-67 antibody staining was decreased after anti-CSF-1 Fab or CMF and anti-CSF-1 Fab therapy compared with control mice (Fig. 3B ) . Anti-CSF-1 Fab, but not CMF treatment alone, significantly reduced the expression of mRNA of resistance genes BCRP, MDR1, and GCS. However, the suppression effect of combined anti-CSF-1 Fab/CMF treatment was significantly stronger than the effect of anti-CSF-1 Fab treatment alone (Fig. 3D-F) . These experiments indicated that blocking CSF-1 with anti-CSF-1 Fab alone suppresses the progression of MCF-7 mammary tumor xenografts in mice, and that this treatment also reverses the chemoresistance of MCF-7 tumor xenografts.
CSF-1 antibody treatment down-regulates mouse MMP-12, MMP-9, and MMP-2 expression in MCF-7 mammary tumor xenografts. Following human MCF-7 cell xenografting in mice, macrophage invasion into the tumor xenografts was observed (Fig. 4A) . In association with this, host (mouse) MMP-12, a macrophage-specific protease involved in ECM remodeling, was strongly expressed during tumor progression in control mice (Fig. 4B) . Likewise, host (mouse) MMP-2 and MMP-9, key molecules in tumor metastasis and angiogenesis, were up-regulated during tumor progression in control animals (P < 0.0001). Combined treatment with CSF-1 antibody and CMF significantly reduced macrophage recruitment to the tumor compared with untreated control mice (P < 0.0001) and to mice treated with Fab alone (P = 0.0085; Fig. 4A ). The anti-CSF-1 Fab alone and its combination with CMF reduced MMP-2 (P < 0.0001), MMP-9 (P < 0.0001), MMP-12 (P < 0.0001), and uPA (P < 0.0001) tumor levels compared with control mice (Fig. 4B) . Of note, the downregulation of MMP-2 (P = 0.0007) and MMP-12 (P = 0.0032) levels in tumor lysates was significantly decreased with combined anti-CSF-1 Fab and CMF treatment compared with anti-CSF-1 Fab alone. CSF-1 antibody treatment or combined CMF with anti-CSF-1 Fab did not affect TIMP-1, TIMP-2, and TIMP-3 expression in tumor lysates compared with controls (Fig. 4B) . CMF significantly up-regulated TIMP-1 and TIMP-3 tissue expression compared with control mice (Fig. 4B) . These experiments showed that CSF-1 antibody in combination with CMF significantly reduces macrophage recruitment to the mammary tumor compared with untreated control mice and mice treated with Fab alone, and that this effect is associated with down-regulation of MMP-2 and MMP-12, consistent with the possible involvement of macrophages and MMPs in tumor progression in this breast cancer model. CSF-1 antibody decreases angiogenic activity in mammary tumor xenografts. With tumor progression, the density of proliferating endothelial cells increased in controls but was decreased following anti-CSF-1 Fab or combination CMF and antibody treatment compared with mice treated with CMF alone or Ringer's solution. Additionally, in mice treated with combination of anti-CSF-1 Fab and CMF, the density of proliferating endothelial cells decreased significantly when compared with mice treated with anti-CSF-1 Fab alone (P = 0.0165; Fig. 5A ). Associated with the increased vascularity, VEGF-A mRNA levels increased during tumor progression (P < 0.0001) and were reduced after treatment with anti-CSF-1 Fab (P < 0.0001) or combined anti-CSF-1 Fab and CMF (P < 0.0001) but not following CMF or Ringer's solution treatment. Mice treated with anti-CSF-1 Fab and CMF combination had significant lower VEGF-A mRNA levels in their tumor lysates versus animals treated with anti-CSF-1 Fab alone (P = 0.0386; Fig. 5B ). The expression level of VEGF-A receptors Flt-1 and KDR was decreased by anti-CSF-1 Fab therapy (P = 0.0076 for Flt-1 and P < 0.0001 for KDR) and by combined treatment with anti-CSF-1 and CMF (P = 0.0002 for Flt-1 and P < 0.0001 for KDR) compared with controls (Fig. 5B) . These data indicated that CSF-1 blockade by antibody combined with CMF decreases the expression of both VEGF-A and its receptors and reduces angiogenesis in mammary tumor xenografts.
CSF-1 antibody increases survival in mice with mammary tumor xenografts. The median time to death of mice in the control group was 56 days, and all mice died between 46 and 75 days after tumor cell grafting. Survival was significantly increased in mice following CSF-1 antibody or combined CSF-1 antibody and CMF treatment compared with mice treated with CMF alone or control mice with median times to death of 101, 136, 65, and 56 days, respectively (P < 0.0001). At the time of death of the last mouse of the control group (75 days), 92% of CSF-1 antibody, 100% of CSF-1 antibody and CMF, and 42% of CMF-treated mice were alive. At the time of death of the last mouse of the anti-CSF-1 antibody group (day 139), 50% of the mice treated with the combination of CSF-1 antibody and CMF were still alive. Mice treated with anti-CSF-1 Fab and CMF combination had a significantly higher survival than those treated with anti-CSF-1 Fab alone (P < 0.0001; Fig. 6A ). At the end of survival studies, the tumor weights were comparable in all groups at 9.53 F 0.98 g (Fig. 6B) . Importantly, the body weight of animals in the anti-CSF-1 Fab and the anti-CSF-1 Fab/CMF group was significantly higher at the end of the survival studies compared with the controls and the CMFtreated animals (P < 0.0001; Fig. 6B ).
Discussion
CSF-1-regulated macrophages have been shown to be an important component of the tumor stromal environment. In >80% of clinical studies, an increase in tumor-associated macrophage density is correlated with poor prognosis (13) . CSF-1 and the CSF-1R are expressed in tumors of the female reproductive tract (29) , and in breast cancer, CSF-1 expression is correlated with leukocyte infiltration in the vast majority of cases (30) . In a mouse mammary tumor model, the absence of CSF-1 accompanied by a reduction in tumor-associated macrophages caused delayed tumor progression to metastasis (14) . Furthermore, we have recently shown that CSF-1 blockade with antisense oligonucleotides or small interfering RNAs slows the growth of mammary tumor xenografts, inhibiting the tumor recruitment of host-derived macrophages and the production of macrophage proteins, MMPs, and VEGF that enhance tumor progression (19) . Consistent with these observations, the present findings indicate that anti-mouse CSF-1 antibody treatment reduces host CSF-1 and tumor-associated macrophages and increases the survival of human breast cancer-bearing mice.
The failure of the CSF-1 antibody treatment to lower CSF-1 mRNA is understandable as the antibody is a post-translational blocking agent. The decrease in CSF-1R mRNA is probably due to a combination of the decreased recruitment of CSF-1R-expressing F4/80-positive macrophages (Fig. 4A ) and the reduced expression of the CSF-1R mRNA/cell resulting from decreased turnover of the CSF-1R due to the absence of CSF-1-induced receptor internalization and destruction, secondary to the absence of CSF-1. The reasons for the reduction in mouse CSF-1R mRNA in the mice treated with CMF alone are not clear. However, CMF treatment alone also significantly lowered the F4/80-positive macrophage density and the expression of MMP-2 and MMP-9, suggesting that the reduction in CSF-1R mRNA expression reflects the reduction in macrophage density.
Recent reports on the role of MMPs suggest that some of the CSF-1-mediated effect on tumor progression may be transmitted through MMPs (3, 9, (31) (32) (33) . Apart from regulation at the level of gene transcription, the activities of MMPs are tightly regulated by endogenous inhibitors, the TIMPs (31). In the present study, consistent with our previous results using CSF-1 antisense treatment (8), CSF-1 antibody treatment suppressed the expression of the macrophage-specific MMP-12 as well as the expression of MMP-2, MMP-9, and uPA (34) that are involved in tumorigenesis and angiogenesis but did not affect TIMP expression. Thus, MMP-2, MMP-9, MMP-12, and uPA down-regulation resulting from inhibition of CSF-1 signaling could mediate part of the tumor inhibitory effect of CSF-1 antibody blockade. Consistent with this conclusion, excessive side branching and tumorigenesis occur when stromal MMPs are overexpressed in the mouse mammary gland (32, 33) , and elevated stromal MMP activity is frequently seen in human breast hyperplasia, dysplasia, and carcinoma (35) . CSF-1 has been shown to induce VEGF production and angiogenic activity by monocytes, the progenitors of macrophages, and both in vitro (16) and in vivo studies indicate that the secretion of VEGF by tumor macrophages is essential for tumor-induced angiogenesis (17) . Thus, the inhibition of VEGF mRNA expression and proliferating endothelial cells in breast cancer xenografts following CSF-1 antibody treatment is likely to involve inhibition of CSF-1-stimulated VEGF production by tumor-associated macrophages.
In addition to supporting a role for CSF-1 in the development of solid tumors, especially breast cancer, this study presents the novel finding that CSF-1 blockade by anti-CSF-1 Fab reverses the chemoresistance of MCF-7 breast cancer cells in mice (24) (25) (26) . Our own results have provided evidence that CSF-1 antisense blockade is efficient in suppressing the growth of two major human tumor types (colon and breast) in mice (18, 19) . In the present study, the slightly less significant effect of CSF-1 blockade by anti-CSF-1 Fab could be explained by recent experiments (20) , 4 which indicate that the antibody dose used in these experiments may be lower than optimal.
The earlier studies of CSF-1 blockade (18, 19) together with those presented here are encouraging. In particular, CSF-1 antibodies are attractive potential therapeutic agents in combating breast cancer, as evidenced by the fact that five injections of anti-CSF-1 Fab not only suppressed mammary tumor xenograft growth but also reversed the tumor's chemoresistance. Thus, CSF-1 blockade as a paradigm for suppressing solid tumor progression is supported by this study, which also supports its more general application to other tumor types. Further experimental studies will be necessary to examine whether CSF-1 antibodies affect metastasis. Human trials will be necessary to prove CSF-1 blockade as a paradigm in solid tumor treatment.
